40 Ar geochronological studies carried out on the Khardung volcanics of Ladakh, India and our earlier Ar-Ar results from the volcanics of the Shyok suture along with the available geological and geochemical data provide good constraints for post-collision evolution of the Shyok suture zone. Whole-rock samples from the Shyok volcanics yielded disturbed age-spectra and we have demonstrated earlier that the youngest tectonic event in the Shyok suture zone responsible for the thermal disturbance of these samples is Karakoram fault activation at 14 Ma. Contrastingly whole-rock samples from the Khardung volcanics, which are in tectonic contact with these Shyok volcanics, and are exposed in the form of thick rhyolitic and ignimbritic flows, yielded undisturbed age-spectra and good plateau-ages. The whole-rock plateauages of two rhyolite samples are 52.8 ± 0.9 and 56.4 ± 0.4 Ma. We interpret these ages to be the time and duration of emplacement of these volcanics over thickened margin of the continental crust, which appears to be coeval with the initiation of the collision between the Indian and Asian plate. The lesser extent of post-emplacement isotopic re-equilibration in these samples unlike the Shyok volcanics indicate that these samples were present in different tectonic settings, away from the Karakoram fault, at the time of deformation in the Shyok suture zone. We propose that the two volcanic belts of contrasting nature were brought together in juxtaposition by the Karakoram strike slip faulting at 14 Ma.
Introduction
Volcano-sedimentary formations of the Shyok suture zone (SSZ) are exposed in the north-west trans-Himalaya and are sandwiched between the Kohistan-Ladakh block in the south and Karakoram block in the north ( Fig. 1) (Frank et al., 1977; Sharma and Gupta, 1978; Tahirkheli and Jan, 1979; Thakur, 1981; Pudsey, 1986) . These formations could not be traced to the east of Ladakh sector in Lhasa and southern Tibet region and remain a peculiarity of the northwestern Himalaya. However, tectonic models proposing two subduction zones in general assume two sutures along the entire south Asian boundary (Brookfield and Reynolds, 1981; Rai, 1983; Reynolds et al., 1983; Coward and Butler, 1985; Petterson and Windley, 1985; Srimal, 1986; Sharma, 1987; Treloar et al., 1989; Searle et al., 1997; Weinberg and Dunlap, 2000; Dunlap and Wysoczanski, 2002; Robertson and Collins, 2002; Dubois-Cote et al., 2005; Dupuis et al., 2005) . This has resulted in various attempts of correlating older sutures present in Lhasa-Tibet block with the Shyok suture (Dunlap and Wysoczanski, 2002; Lacassin et al., 2004) .
The timings of suturing and also the mode of subduction along the Shyok suture have also not been unequivocally accepted. Brookfield and Reynolds (1981) , and Reynolds et al. (1983) suggested that the Shyok suture closed in Miocene after the Late Cretaceous suturing along the Indus suture. However, Coward and Butler (1985) , Petterson and Windley (1985) , Treloar et al. (1989) and Searle et al. (1997) proposed that the Shyok suture is older than the Indus suture. Rai (1983) reported upper Cretaceous to Eocene marine fossils from the flysch of the Shyok suture zone. This makes it almost synchronous with the Indus suture zone flysch. However, these fossils could have also been derived from the older sedimentary rocks and re-deposited as flysch.
Presently it is widely believed that the Shyok suture presents a site of ocean closure probably in Early-Late Cretaceous (Coward and Butler, 1985; Petterson and Windley, 1985; Treloar et al., 1989 Upadhyay et al., 1999; Bhutani et al., 2003) showing volcano-sedimentary formations of Shyok suture zone sandwiched between Ladakh batholith in the south and Karakoram batholith in the north. Sample locations are of earlier study (Bhutani et al., 2003) along with the present study (samples LK 88 and LK90) . In the inset a regional-scale map of Himalaya-Tibet system is shown (from Harrison et al., 1992) .
Subduction along the Indus suture has given rise to calk-alkaline magmatism manifested as trans-Himalayan batholith all along the southern margin of the Asian plate. Calc-alkaline to tholeiitic components were reported from Kohistan-Ladakh arc in the north-west trans-Himalaya (Rolland et al., 2000 (Rolland et al., , 2002 . The pioneering geochronological studies by Honegger et al. (1982) showed that the magmatism started at least 100 Ma ago and continued till the continent-continent collision. Later studies indicated that the span of the plutonic magmatism may range from 100 to 40 Ma ago (Reuber, 1989; Sharma, 1990; Sorkhabi et al., 1994; Weinberg and Dunlap, 2000; Kohn and Parkinson, 2002; Guillot et al., 2003) . Recent studies reported Ar-Ar plateau-age of 29.8 ± 0.2 Ma of muscovite from a leucogranite in Ladakh batholith indicating younger post-collision magmatism due to intra-crustal melting at the base of thickened crust in otherwise subduction related batholith (Bhutani et al., 2004) .
Unlike the subduction along the Indus suture, subduction along the Shyok suture did not give rise to the development of large batholith all along the Asian margin, though cretaceous components related to subduction along SSZ are reported from Karakoram batholith (Debon and Khan, 1996) . The volcanic rocks along with the ophiolitic mélange present in Shyok suture zone are thought to be remnants of the back-arc oceanic crust of the subducted lithosphere along the Shyok suture (Petterson and Windley, 1985; Treloar et al., 1996; Dunlap and Wysoczanski, 2002; Maheo et al., 2004) . However, these could not be well correlated spatially and temporally and have been difficult to assign to any one tectonic setting (Robertson and Collins, 2002) . Rolland et al. (2002) , based on geochemistry and comparing the paleontological data attempted first such correlation. These volcanic rocks are exposed in narrow longitudinal belt which appears to be continuous from NW Pakistan to Skardu region to Ladakh sector of India. These volcanics however do not continue to the east in Lhasa block of trans-Himalaya. The main volcanic belts are known as the Shyok volcanics and the Khardung volcanics ( Fig. 1) (Sharma and Gupta, 1978; Upadhyay et al., 1999) . The Shyok volcanics are mainly exposed along the Shyok river and are mainly basaltic to andesitic in nature. They are in tectonic contacts with the acidic Khardung volcanics, which are overlying the northern flanks of Ladakh batholith and exposed in the form of thick ignimbritic and rhyolitic flows. The western equivalent of the Shyok volcanics, the Chalt volcanics are thought to be of island-arc or back-arc type (Sharma, 1987; Rolland et al., 2000) . On the basis of Chalt volcanics in northern Pakistan and Dras island-arc volcanics in southern Ladakh, it was suggested that Shyok suture is the manifestation of collision between island-arc and south Asian plate prior to the main Indian-Asian collision (Honegger et al., 1982; Reuber, 1989; Petterson and Windley, 1985; Treloar et al., 1996; Clift et al., 2000; Dunlap and Wysoczanski, 2002) . However, studies by Rolland et al. (2000) demonstrated that the island-arc rocks grade into more differentiated acidic rocks towards the eastern part of the suture zone in Ladakh region of India. He suggested progressive maturation of arc towards the east and finally merging into continental arc of Tibet-Lhasa block.
The competing evidences and opinions regarding the nature and evolution of SSZ require more detailed studies to be carried out using different approaches. We have analyzed volcanic rocks from the Shyok volcanics and the Khardung Volcanics from northern Ladakh sector of India using 40 Ar-39 Ar step-heating approach.
The main aim of this study was to look for temporal correlation of different tectonic and metamorphic events experienced by volcanics of SSZ and put them in regional perspective of SSZ evolution. . Thin section studies of these samples reveal that these are composed of several angular fragments of quartz, plagioclase and alkali-feldspars. We also carried out scanning electron microscopic (SEM) investigation of these samples and also semi-quantitative elemental analyses using energy dispersive X-ray (EDX) at several spots to check the matrix composition. It revealed that matrix and the whole-rock composition is quratzo-feldspathic in nature with Na rich alkali-feldspar dominating over Ca rich plagioclase. Opaque minerals are mainly iron oxides which also give rise to iron staining (Fig. 2) . These volcanics form a linear and irregular belt along the northern margin of the Ladakh batholith and appear to be directly overlying the batholith. These volcanics consist of rhyolite, rhyodacite, dacite, tuffs, ignimbrites and volcano-sedimentary sequences. Spheroidal to ovoidal lapilli are reported from the topmost tuffaceous bed of these rocks (Rai, 1982) . These tuffaceous rocks are conformably overlain by the thick lahar unit consisting of unsorted boulders and pebbles derived from the acidic volcanics (Rai, 1987) .
The significance of the pyroclastic acidic Khardung volcanics of the northern Ladakh could not be realized fully as its age remains controversial. While it appears to be overlain by the Eocene Shyok Molasse (Rai, 1983) , on the basis of K-Ar ages (Sharma and Gupta, 1978) , they have been assigned to Oligocene (Thakur and Misra, 1984) . Rolland et al. (2002) showed that these volcanics are cross-cut by Ladakh intrusives and therefore must be older. Dunlap and Wysoczanski (2002) published SHRIMP zircon ages from two samples of these volcanics. One sample, apparently from the basal rhyolite flow, yielded weighted mean age 67.4 ± 1.1 Ma from 12 grains out of 16 analyzed. Other sample from a porphyritic sill gave 60.5 ± 1.3 Ma for 12 grains out of 14 analyzed. However, they have mentioned the problem of inherited older zircons. One zircon gave them age as high as 286 Ma and one other gave an age of 86 Ma. They have rejected these data points from the weighted mean calculations. However, it remains doubtful to rule out the inheritance of older isotopic signatures in the other zircons used for age calculations. Therefore, their age estimates might be older because of the presence of inherited zircon cores. On the other hand Ar isotopes readily get equilibrated if the temperature of emplacement is higher than the closure temperature (550°C) of most retentive minerals. Furthermore by the step-heating analyses of the Ar iso-topes, one can test the concordance of the equilibration and detect the inherent older components if present.
Shyok volcanics
Apart from the sporadic occurrences of the ophiolitic mélanges of serpentinites and ultra basics, intercalated with flysch, molasse and volcano-sedimentary sequences, a variety of volcanic rocks ranging from basalts to basaltic andesites to andesites are reported from the Nubra-Shyok valley and are grouped into the Shyok volcanics (Sharma, 1987) . The Shyok volcanics, generally greenish gray, fine-grained and massive in nature, are in contact with flysch, metasediments and molasses at different places.
The ages of these volcanics earlier have been estimated on the basis of fossil-assemblages from the intercalated sedimentary units. Rolland et al. (2000) , suggested the age of the Nubra-Shyok volcano-sedimentary unit to be Middle Cretaceous 108-92 Ma, on the basis of forminifera Orbitolina. Rai (1983) (Fig. 1) , were irradiated together with the samples of the Shyok volcanics and were analyzed by 40 Ar-39 Ar step-heating experiment following the procedures outlined by Venkatesan et al. (1993) and Bhutani et al. (2003) Ar for the lower temperatures up to 1000°C and increase gradually to 50% of sample 40 Ar at 1400°C. The value for the irradiation parameter J is reported with the complete table of release data (Tables 1 and 2 ). The ages have been reported with respect to MMHb-1 of 520.4 ± 1.7 Ma. 
Results

Khardung volcanics
Rhyolite LK 88 yielded a plateau-age of 52.0 ± 0.4 Ma for the first five steps consisting of 80% of the cumulative 39 Ar released (Table 1 and Fig. 3 ). The remaining steps yielded continuously rising ages up to 100 Ma. The isochron plotted for the five plateau steps yielded an age of 52.8 ± 0.9 Ma and the trapped ratio as 274.8 ± 38.5 Ma and MSWD of 1.5. Another rhyolite LK 90 also taken from the vicinity of the village Khardung yielded a similar age spectrum. The plateau-age for the first six consecutive steps consisting of 82% of the gas released is 56.4 ± 0.4 Ma ( Table 2 and Fig. 4) . The remaining steps yield continuously rising apparent ages up to 120 Ma. The isochron age is 56.6 ± 0.9 Ma with the trapped ratio of 284.4 ± 28.5 and the MSWD 3.3. The age-spectra of these two samples conform to the accepted criterion of the concordance and plateau (Mcdougall and Harrison, 1999) . Villa (2001) has discussed the importance of three isotope plot involving Ca-produced 38 Ar to asses the effect of high Ca phases and possible alteration of the sample on the apparent age determination. However, the thin section study and SEM-EDX examinations of samples reveal that these are dominated by mineralogy of quartz and alkali-feldspar. Furthermore, concordant ages for more than 80% of the total gas released also indicate that these are not reworked and retain the original distribution of radiogenic 40 Ar. We, therefore, interpret these ages for the minimum age of emplacement and the minimum duration of the magmatism. This is consistent with the observation that these are overlain by the Eocene Shyok molasse (Rai, 1983) .
Shyok volcanics
A total of the five whole-rock samples from northern Ladakh (Fig. 1) were analyzed by the step-heating experiment and the results are published elsewhere (Bhutani et al., 2003) . However, here we would like to re-emphasize some important characteristics of those results in light of new results obtained from the Khardung volcanics. The age-spectra are disturbed, but show a consistent pattern. The age-spectra of these samples, when plotted together overlap and show two distinct patterns (Fig. 4) . The first risingage pattern from 10 to 12 Ma, and going up to 20-30 Ma for the first 40-50% of the 39 Ar released. The second pattern also starts from the low age 14 Ma and goes very high (>70 Ma) at the highest temperature. The age-spectra show the subsequent tectonothermal events experienced by these samples. The high ages obtained for the higher temperature steps for the Shyok volcanics suggest that these may be pre-existing rocks. We, therefore, interpret the higher apparent ages shown by the age-spectra of these samples as the minimum ages of formation. Subsequently these Shyok volcanics got affected by the younger tectono-thermal events as reflected in the age-spectra. The remarkable consistency of their age-spectra (Fig. 5) suggests that they reflect a regionalscale tectono-thermal event.
Sample LK 47, which is a mica-segregate taken from a sheared zone along the Karakoram batholith, in tectonic contact with the Shyok ophiolitic mélange near village Murgi (Fig. 1) , yielded a very good plateau-age of 13.9 ± 0.1 Ma with atmospheric trapped ratio (Bhutani et al., 2003) . We have interpreted this age to be the activation age of Karakoram Fault (Bhutani et al., 2003) . Villa et al. (1996) demonstrated a reactivation event in SSZ at 14 Ma. Searle (Villa et al., 1996; Searle et al., 1998; Yin and Harrison, 2000; Murphy et al., 2000; Weinberg and Dunlap, 2000) . Rolland et al. (2000) showed that the back-arc like geochemical signatures of the western extension of the Shyok suture in Pakistan Ladakh (Skardu area) sector are not present in the eastern Shyok suture zone of the Ladakh sector. They further noted that the acidic volcanism of Khardung represents an Andean type margin like Tibet, while the western Ladakh sector's formations represent the suturing of an island-arc with the continent. Raz and Honegger (1989) provided field evidences for the presence of continental crust before the calc-alkaline magma intrusion in the northern Ladakh. They reported meta-sediments, shales, sandstones, quartzites and marbles indicating of the continental crust. However, these units were not found (Rolland et al., 2000) in Largyap La area in west of Nubra valley. A 50 m thick layer of calc-silicates yielded Megalodan & Lithiotis, the characteristic fossils of Late TriassicEarly Jurassic, which are also reported from Kashmir (Fuchs, 1979) and Karakoram (Gregan and Pant, 1983) . . Apparent age-spectra of the five samples from the Shyok volcanics from the earlier study (Bhutani et al., 2003) indicating a strong tectono-thermal event between 10 and 20 Ma ago. Based on the above observations it appears that the island-arc setting of Kohistan sector and the northern suture doesn't extend to the east in Nubra-Shyok valley. This indicates that island-arc setting could be limited to the western margin of Eurasian plate facilitating intra-oceanic subduction of the neo-Tethys and thus forming Early Cretaceous Kohistan-Dras island-arc. However as mentioned above there are ample evidences of continental crust being present in the eastern side of the Kohistan-Dras arc in Early Cretaceous (Fuchs, 1979; Gregan and Pant, 1983; Raz and Honegger, 1989) . Geochemical evidences (Rolland et al., 2000) confirm and support these geological evidences and suggest the simultaneous evolution of island-arc and continental arc along the south Asian plate boundary. Rhyolite and ignimbritic flows of Khardung volcanics represent a typical continental arc magmatism in Nubra valley of Indian Ladakh. These volcanics are un-deformed unlike the Shyok volcanics, in field seen to be in tectonic contact with the Shyok volcanics.
Discussion
The distinct differences in 40 Ar-
39
Ar apparent age-spectra of Khardung volcanics and the Shyok volcanics further indicate that Khardung volcanics were not as disturbed by younger events as the Shyok volcanics. Assuming the younger age of Khardung volcanics it was proposed earlier that these present thickening of the crust with time (Sharma, 1987; Thakur and Misra, 1984) . However, the present 40 Ar study demonstrates that the minimum emplacement age of Khardung volcanics is 52 Ma. The older inherited zircon cores in Khardung volcanics as mentioned by Dunlap and Wysoczanski (2002) probably also indicate the preexisting continental crust or a mature-arc component.
We, therefore propose that there was simultaneous and independent evolution of island and continental arc along the south margin of Asian plate boundary before the main continent-continent collision along the Indus suture zone. Consequently it appears that the plate geometry of the Asian plate prior to the main collision was such that there was Andean type of subduction for most of the plate in the east while intra-oceanic subduction and resultant island-arc was limited to the western Ladakh of Pakistan, which gave rise to Kohistan-Dras island-arc (Fig. 6) . In this scenario the island-arc and continental arc evolved simultaneously along the south margin of the Asian plate. The present day the Shyok suture zone and Kohistan-type island-arc sector represent the small portion of oceanic plate at the western part of the southern margin of the Asian plate. The flyschoids and ophiolitic mélange of the Shyok Suture is therefore almost coeval with Indus suture flysch as suggested by Rai (1982) . Given the limited extent of island-arc in west, according to this model, the time difference between the suturing along the Shyok suture and Indus suture, does not seem to be significant. This model also explains the place of Karakoram fault as also suggested by Rolland et al. (2000) . The fault developed along the weak zone at the transition between oceanic and continental lithosphere. That is the reason that the Shyok formations appear to be truncated by the Karakoram fault. Furthermore, Karakoram fault activation appears to be responsible to bring the Shyok volcanics in juxtaposition with the Khardung volcanicsa as an offset of 300 km was estimated along the Karakoram fault by Lacassin et al. (2004) . The age-spectra of the Shyok volcanics also indicate thermal resetting and cooling at 12-14 Ma. The mica growth in a sheared granite in the Karakoram fault zone precisely date the activation of this fault in Nubra-Shyok valley as 14 Ma ago (Bhutani et al., 2003) . We, therefore propose that present day tectonic disposition of the Shyok suture zone was achieved only by 14 Ma ago.
Conclusion
The termination of the Shyok suture zone in the east along the Karakoram fault and difficulties in correlating the Shyok suture with the southern margin of the Tibetan-Lhasa block clearly indicates that the small intra-oceanic subduction responsible for the Shyok suture zone was restricted to only western most part of the Asian plate boundary. Furthermore, the tectono-thermal history as evidenced from the 40 Ar-39 Ar age-spectra of the Shyok volcanics does not match with that of acidic Khardung volcanics which are in tectonic juxtaposition with each other in NubraShyok valley in the trans-Himalaya. We propose that there was independent and simultaneous evolution of the island and continental arc along the Asian plate boundary prior to the Indian-Asian collision and for the most part the trans-Himalaya evolved in an Andean type setting, except for the small portion of intra-oceanic crust in the western side, giving rise to the Kohistan-Dras islandarc. The present day tectonic setting was achieved after the initiation of the Karakoram fault at 14 Ma ago. The position of Karakoram fault itself is controlled by the weak zone between the oceanic and continental parts of the Asian plate margin.
